Abstract. The TopHat Long Duration Balloon (LDB) experiment, which launched on January 4, 2001, mapped 6% of the sky in a region centered about the South Celestial Pole, The five spectral bands of the instrument span from 150 to 660 GHz and are sensitive to CMBR anisotropy and thermal galactic dust emission. Analysis is in progress. The parameters of the experiment, the observing scheme, and some preliminary results are discussed.
INTRODUCTION
Anisotropy in the Cosmic Microwave Background Radiation (CMB) provides a unique observational tool for probing the physical conditions of the very early Universe, determining precise values for fundamental cosmological constants, and providing key quantitative information on the evolution of large scale structure (see e.g., [1] , [2] , [3] , and [4] ). Its spectrum, very close to an ideal blackbody at 2.725 K [5] , contains a record of the energy release processes from the earliest of times. The small anisotropies in its spatial distribution (~ 50/iK), are imprints of the distribution of matter at the surface of last scattering at a redshift of z ^ 1000. These anisotropies therefore specify the initial conditions for all large-scale structure formation models.
A particularly interesting angular scale for observing CMB anisotropy is near 1°, where the first acoustic peak (or "Doppler peak") enhancement of the fluctuation power spectrum is expected to be observable. This is the angular scale that corresponds to the size of the horizon at the redshift of the effective source of CMB anisotropies. A number of very exciting detections of anisotropy at angular scales near and smaller than 1° have been reported recently (see £-8•» [6] , [7] , [8] ). If these results stand the test of time, then they would be among the first generation of precision measurements of CMB anisotropy, providing values for key cosmological parameters at roughly 10% accuracy.
In this paper we describe the flight of one of the most recent precision measurements of the CMB anisotropy -the TopHat experiment. This unique balloon-borne payload, launched from McMurdo Station, Antarctica in January of 2001, is mounted on the top of a balloon in order to provide a large-area map with highly redundant sky sampling and a minimal risk of contamination from unknown systematic error sources.
THE TOPHAT INSTRUMENT
TopHat is a compact, light-weight far-infrared telescope designed to be mounted on top of a high-altitude balloon. The top of a balloon is a nearly ideal observing platform for the CMB; there are no hindrances over nearly 2n steradians above the telescope, the platform is above 99.7% of the atmosphere (and a larger fraction of the water vapor), and there is minimal wind shear since the balloon moves along with the air. Long duration balloon flights from Antarctica now allow up to two weeks of continuous observations -only space flight provides a better viewing opportunity.
Top-mounted packages, however, must adhere to stringent mass and size constraints imposed by the launch procedure and stability of the balloon platform. TopHat, for example, is limited to a total mass of 120 kg with its center of gravity no higher than 61 cm above the balloon's top. This includes the mirrors, electronics, mechanisms, shielding, and, of course, the cryostat
The TopHat telescope is a compact on-axis Cassegrain system designed to rotate continuously, about the local vertical, at a rate of 4 rotations per minute. The detectors are five ion-implanted, monolithic Silicon bolometers cooled to 270 mK by a 3 He refrigerator. A sixth "dark" detector is also present to monitor potential sources of systematics. These detectors view the sky with a beam size of approximately 20' in five frequency bands spanning 150 GHz to 660 GHz. In this section, we describe the general features of the TopHat experiment. A future instrument paper will describe each of the subsystems in detail.
Instrument Design
The TopHat experiment is actually composed of two subsystems: the top payload -which flies on top of the balloon, and a second gondola which provides electrical power and a communications link to the top while hanging underneath the balloon.
The top payload, shown in Figure 1 , is composed of the telescope, cryogenics, detectors, and readout electronics. The telescope is a 1 m diameter on-axis Cassegrain which produces a 20' FWHM tophat-shaped beam on the sky. The cryogenic system and detectors (both described further below) sit behind the primary mirror in a small volume as shown in Figure 1 . Attitude determination sensors and a low-noise data acquisition system (not shown in the figure) take up most of the remaining volume underneath the primary mirror.
The entire telescope is enclosed in a light-weight, double-walled aluminum shield which protects the instrument from Sun and Earth illumination. The shield, telescope, attitude determination sensors, and data acquisition system all rotate at a constant rate of 4 RPM. By rotating the majority of items on top of the balloon, local contamination of the radiometer signals is kept constant while the sky is modulated overhead. This observing strategy is particularly powerful in its ability to mitigate systematic errors and is described in detail below.
An unpointed support gondola hangs below the balloon to provide the top system with power and a telemetry link. An electrical connection is made between the two systems via several redundant sets of wires that are sewn into the gores of the balloon during the balloon's manufacture. Power is generated via eight sets of solar panels which are hung from the four sides of the gondola. Data from the top system is written to two on-board disks and compressed versions are sent to the ground via a line-of-sight radio link or a (much slower) TDRSS satellite link in real time.
Detector System
The Tophat detector system is a dichroic photometer which separates incoming radiation into five spectral bands from 150 to 660 GHz. The infrared detectors are monolithic silicon bolometers built in the Device Development Lab at NASA Goddard Space Flight Center. The central disk is 2.4 mm in diameter and 5 pirn thick, and is supported by four legs, each 30 pirn wide by 5 //m thick, and 2.3 mm long. A thin coating of bismuth acts as the infrared absorber. The thermistor is formed by implantation doping of the silicon.
These bolometers are not "spiderwebbed" in any way, and the rate of cosmic ray strikes we observed in the Tophat flight is quite low (approximately one per 3 minutes).
The entire photometer is kept at 270 mK by the cryogenic system, described in the next section.
Support Electronics (not shown)
Pnrasry Mirror
Radiometer FIGURE 1. This figure shows the configuration of the TopHat telescope. The entire structure shown here is located on top of the balloon, and secured onto the balloon top "apex" plate. The main beam points 12° from the local vertical, defined by the balloon top plate, and spins on the main bearing at the bottom of the telescope. The bottom payload, which hangs below the balloon and contains the support electronics, hard disk archives, batteries, and solar panels, is not shown.
Cryogenics
The stringent weight and size requirements for top-mounted packages necessitated the development of a lightweight, compact, and long hold-time cryostat for the TopHat mission. Weighing more than 100 kg, cryostats which have previously flown on Antarctic LDB missions would consume the entire mass budget for the top of the balloon. By careful design, with attention to weight and heat flow, most of the internal supports can be reduced to tension struts that allow a small lightweight cryostat with a long holdtime.
The TopHat cryostat, the result of a 6 year development effort, is an internally pumped 3 He refrigerator with supporting 4 He and liquid nitrogen reservoirs. The cryostat has a mass of 10 kg when full of cryogens and is able to maintain an operating temperature of .27 K for a typical week of observing time accessible to a long-duration balloon mission. The cryostat is described in detail in [9] .
In preparation for the TopHat flight, four copies (with minor variations) of the cryostat were produced. Over 40 cycles have demonstrated repeatable performance, both over time and with the different dewars. Hold times were measured (or extrapolated) to be consistent for the different cryostats with the limiting cryogen being the 1.8 L of 4 He. Tip-tests and the insertion of Singles to change the flow impedance of the vent tube showed the dominant heat transfer to the 4 He reservoir to be due to convective flow in the 4 He fill/vent tube. Table 1 lists the hold-time results of an in-lab test of the TopHat cryostat performed before launch.
Flight Plan and Observing Scheme
Antarctic LDB pay loads are required to function nearly autonomously due to the low bandwidth of communications once the balloon is beyond the range of the line-of-sight telemetry link. A suitable telescope observing scheme must be both simple and repetitive to ensure continuous observations during the flight. The key scientific consideration that drives the design of the observing strategy is the ability to remove contamination, instrumental drifts, and local foregrounds while minimizing the loss of information about the CMB. The TopHat observing strategy is designed to uniquely use the top mounted configuration as well as a roughly constant-latitude flight from McMurdo, Antarctica to accomplish all of these goals. It produces multiple observations of a point on the sky at different times and at a number of different telescope orientations to measure and remove such systematic effects. For TopHat, the beam is offset from the local vertical by 12°, and spins about the local vertical at 4 RPM. When flying from McMurdo (latitude 78° South), this allows each rotation to scan the SCP as a part of a circle that extends 24° (nominal) from the SCP. Over the course of a sidereal day a complete map of a 48°(norninal) cap centered on the SCP is made. Each subsequent sidereal day of observations produces another map. By spinning while observing at a constant elevation, TopHat builds upon the method pioneered by the FIRS experiment [10] and [11] , for producing a sky map relatively free of inter-pixel correlations. This configuration extends the capability of balloonborne measurements on 20' angular scales to include the ability to create large-area maps of the sky intensity. Figure 2 shows the nominal TopHat observing strategy superimposed on the DIRBE dust emission at the SCP.
THE FLIGHT
TopHat launched from McMurdo Station, Antarctica on January 4,2001. A carefully choreographed launch involving two balloons, two gondolas, several large pieces of machinery, and approximately 15 people was executed smoothly and expertly by the National Scientific Balloon Facility (NSBF) crew. The erection dynamics of the balloon, known from test launches to be highly variable, were smooth and docile. Ironically, the most typical aspect of the launchreleasing the lower gondola -provided the greatest challenge to the NSBF crew who were required to break the ice runway's speed limit to catch up to the fleeing balloon. The overall launch, however, was nearly perfectly executed despite its complexity.
Flight Operations
Once launched, TopHat quickly climbed to its float altitude of 37.5 ± 0.14 km where it remained for the duration of the flight. After a short set of detector characterization tests the initial observations of CMB anisotropy began. Onboard data acquisition and CMB observations occurred continuously over the following four sidereal days. In order to further modulate the sky signal with respect to local contamination, the telescope rotation direction was reversed once during the flight and the sign of the bolometer bias was changed twice. Finally, a load-curve was performed on each detector at the beginning of each sidereal day to ensure proper bias settings. Data acquisition was terminated after four sidereal days when it was discovered that the cryostat had run out of cryogens (see below).
Overall, the telescope performed nearly perfectly. All six bolometers functioned to expectation and all TopHat sensors and electronics worked as designed and without problems. Despite the telescope's nominal performance however, there were two uncontrollable and unexpected developments during the flight: an anomalous tilt of 3-5 degrees of the top plate of the balloon and a loss of the TDRSS telemetry link due to a broken NSBF transmitter. Fortunately, the loss of the TDRSS link to the package was mitigated by the retrieval of the on-board data disks. The autonomous operation of the payload allowed TopHat to continue CMB observations despite a lack of commanding and telemetry. The tilt of the top plate, however, has had several effects on the flight. Below we discuss some of these effects as well as our efforts to eliminate any resulting systematic contamination. 
Tilt Characteristics
Though as of this writing the cause of the top plate tilt remains unknown, we are able to characterize the tilt by using the telescope's housekeeping and attitude determination sensors. Figure 3 shows the amplitude of the tilt of the payload as a function of balloon altitude. The tilt clearly shows a positive correlation with altitude. In addition, we have found the tilt amplitude to depend to a small degree on the side of the balloon facing the Sun.
Fortunately, the tilt of the top plate is stable and changes only on time scales that are long compared to the telescope rotation -i.e., hours. This feature allows us to cleanly separate effects associated with the tilt from true sky signals. The stability of the tilt suggests that it is a global feature of the balloon. As expected, the top of the balloon proved to be a very stable platform. So far in our analyses we detect no instabilities or oscillations in the balloon platform which are driven by the telescope motion.
Effects on the Data
The top plate tilt leads to induced radiometric signals via the following mechanisms:
1. signals induced optically via increased atmospheric pickup 2. signals induced optically from variations in the temperature of the telescope optics due to solar heating 3. signals induced optically from gravitationally induced motions of elements in the optical chain 4. signals induced microphonically There is evidence in the raw data of all four classes of signals. Fortunately, due to the cross-linking of the observations on the sky and the various levels of modulation of the sky signal, tilt-induced contamination is not locked to the sky and can be separated from the desired signals which are modulated by the sky, balloon, and telescope rotation. The dominant signal from the tilt occurs at the frequency of rotation of the telescope. While this is far from the frequency where the most interesting CMB signals reside, this contamination does affect our measure of the CMB dipole -the primary calibration source for TopHat. Removal of this contamination will be required to accurately calibrate the experiment.
The greatest impact the tilt of the top plate has on the data comes in the reduction of available observing time. After four days at float altitude, the TopHat cryostat ran out of cryogens -between two and four days earlier than expected. This premature warming is likely due to an increased heat load on the 4 He tank resulting from a sloshing of the cryogens as the payload executed its observing strategy. Pre-flight lab measurements show the 4 He boiloff rate to be sensitive to rapid tilting of the cryostat.
Attitude Reconstruction
While the presence of the tilt complicates the determination of the telescope pointing, the highly redundant nature of the observations and the simplicity of the observing scheme make it possible to reconstruct the pointing to high accuracy. The telescope's attitude is determined by two methods: 1) by direct measurement using on-board attitude sensors (an inclinometer, sun sensors, a magnetometer, and a gyro) and 2) by minimizing the per-pixel variance in the resulting radiometric maps of the sky. The approach is iterative. First, a crude pointing reconstruction is made with method 1. Method 2 is then used to determine unknown (but stable) offsets between the axes of the various pointing sensors and the IR beam. The process is then iterated until sky maps are created with structures that are self-consistent and agree with independent high-resolution maps such as IRAS and DIRBE. Figure 4 shows the preliminary coverage map of the TopHat field after four days of observations. As can be seen from the figure, fairly uniform coverage has been achieved despite the tilt of the top plate of the balloon. With further iterations, we estimate that our final pointing uncertainty will be on-order 1 arcminute -better than the level required for precision maps of the CMB at the angular scales that can be addressed by TopHat.
Finally, as is evident from Figure 4 , rather than observing the nominal 48°diameter cap centered on the SCP, TopHat has observed a cap with a diameter of approximately 56°-or an area of sky approximately 36% greater than originally planned. While the resulting per-pixel signal-to-noise will be lower than planned, this should only degrade the CMB power spectrum estimations at the smallest angular scales. Measurements at angular scales around the first acoustical peak and larger, on the other hand, should improve slightly due to the reduced sample variance.
DATA ANALYSIS PROGRESS
As of the time of this writing, data analysis of the time stream is in progress. A large amount of the initial effort has been spent in characterizing the tilt of the package, the instrument as a whole, and any potential systematic contamination of the data. Sky maps have been produced in all five frequency bands and rough comparisons have been made with dust maps derived from [12] . Galactic structure is evident in the maps of the high frequency channels and an estimate of the CMB dipole has been recovered from the lower frequency channels. TopHat results will be announced once we have completed the analyses and ensured that any residual contaminations from the tilt of the telescope have been removed.
Once the final set of sky maps for the five channels are produced, spectral decomposition will be used to generate maps of the CMB, the dust, and possibly the Far-Infrared background. These maps will represent the largest and deepest survey of the sky at these frequencies. Band power estimates of the CMB power spectrum will be made from the CMB maps and cosmological parameters will be estimated using these results.
SOME THOUGHTS ON TOP-MOUNTED PACKAGES
The development effort required to successfully fly TopHat from the top of a balloon has been atypical in both its extent and the level of collaboration with the National Scientific Balloon Facility. The TopHat scientists were required to develop a complex cryogenic instrument with a mass 10 times lower than that of a typical balloon-borne telescope. Simultaneously, the National Scientific Balloon Facility developed and tested a launch scenario designed to maximize the opportunities for launch while also ensuring the safety of the ground personnel.
The non-scientific payoff for this difficult work is the enabling of a new observing platform for astronomical and atmospheric studies by complex payloads. With the exception of the unanticipated tilt mentioned above, the top of the balloon proved to be a stable and docile environment with a full view of sky over more than 2n steradians. Only a full analysis of the TopHat data will reveal the scientific payoff of this exercise -however, it can be said that this is the first balloon-borne CMB mission where the balloon itself does not obscure the vast fraction of available sky.
In summary, we offer this list of observations on our experience on the top of the balloon:
1. The top of the balloon is stable and fairly rigid. No balloon motions or oscillations driven by our telescope motion have been detected in our data. 2. At 2701bs, TopHat is the heaviest payload launched on top of the balloon. This weight constraint drove many aspects of the payload design. 3. The anomalous tilt of the top of the balloon remains a mystery. It has an altitude dependence and (to a smaller degree) a dependence on the side of the balloon facing the sun. 4. The complexity of launching a massive top-mounted package severely limits flight opportunities due to the nearly ideal weather conditions required for launch. 5. With the exception of satellites, there is no better platform for low-atmosphere, low-background observations of the firmament.
CONCLUSIONS
The TopHat Long Duration Balloon experiment, which launched on January 4, 2001, mapped 6% of the sky in a region centered about the South Celestial Pole. TopHat represents the latest in the first series of experiments capable of making precision measurements of large fractions of the sky at millimeter and sub-millimeter experiments and will produce sky intensity maps in five distinct frequency bands ranging from 150-660 GHz. Analysis of the TopHat data set is ongoing.
